In this work, we demonstrate active and passive methods for in-situ temperature calibration of fibre Bragg grating strain and temperature sensors. The method is suitable for characterizing sensors which are already attached to the steel reinforcements of civil structures. The proposed method, which involves the use of active induction heating or passive room temperature fluctuations, can be implemented using portable equipment, is time efficient, and can be used to calibrate attached sensors on-site, rather than in lab conditions. Preliminary results of the induction heating calibration show good agreement with pre-calibrated temperature sensors. In-situ calibration of fibre strain sensors, attached to a prestressing strand is also successfully carried out.
INTRODUCTION AND MOTIVATION
Optical sensors are becoming increasingly common in structural health monitoring (SHM) applications [1] , [2] . Fibre Bragg gratings (FBGs) can provide quasi-distributed monitoring of strain and temperature within civil structures. As with all strain sensors in SHM, strain FBG sensors require temperature compensation in order to properly describe the mechanical strain of the substrate or the structure it is embedded into or bonded to, independently of thermal expansion [3] .
For most temperature compensation methods to be valid, the thermal response of a strain FBG sensor must be accurately known. Controlled temperature characterisation of individual sensors is challenging in SHM applications as the structures are large. As such, sensors may be calibrated in an environmental chamber before attachment to substrates, but this is inconvenient and inaccurate, as it requires the thermal expansion of the substrate and also the strain transfer between the substrate and the sensor to be known. Furthermore, in field applications, it is often assumed that all sensors have the same response, but verification of each sensor's response can provide a much higher level of measurement accuracy.
Continuing the research outlined in [4] , we have developed a portable, in-situ method for obtaining the temperature response coefficients for FBG sensors which are attached to prestressing strands. Two methods of temperature calibration are outlined. The first is an active method, in which the FBGs are locally heated using an induction heater. The second method monitors the wavelength shifts passively during natural, daily temperature fluctuations in room temperature. By comparing these two measurement techniques, the first with its large range and larger temperature instabilities, the latter with its smaller range and smaller temperature instabilities, a reliable temperature coefficient for FBG sensors can be derived. This work reports on preliminary results of the calibration procedure by comparing precalibrated FBG sensors with those calibrated using the in-situ method.
THEORY
The wavelength response of an FBG under strain, ε and changing temperature, ΔT is given by:
(1) where and are the FBG's strain and temperature coefficients respectively. It is common practice to decouple the strain and temperature response of an FBG by comparing its wavelength shifts with a second, local temperature reference FBG which is isolated from strain. For a high accuracy measurements, it is crucial to characterize the responses of both sensors after they have been packaged and attached to a substrate, as manufacturing processes may lead to changes in strain transfer and thermal expansion, and hence changes in and . By characterising the temperature response of sensors in-situ, temperature coefficients can be conveniently and accurately measured.
SENSORS AND CALIBRATION PROCEDURE

Sensor fabrication and attachment
The sensors in this demonstration were fabricated from type-I FBGs, brazed into a robust metal package using an induction coil as discussed in previous work [5] . The temperature sensors were attached to prestressing strands at one end using silicone, to ensure thermal contact without strain transfer. The strain FBG sensors were spot welded to the strand via metal shims (Figure 1 ).
Sensor calibration procedure
Temperature FBG sensors were calibrated in an environmental chamber. They were subject to four heating cycles from 10-50°C, the temperature was stepped in 10°C intervals and held at each point for two hours to allow the temperature to stabilise. These sensors were attached to the pre-stressing strand next to the strain sensors (Figure 1 ). The pre-calibration of the temperature sensors allowed the calibration techniques below to be validated.
Active heating method -In the active method, an induction heater is used to heat a section of steel strand at the location of each strain sensor. To allow higher temperatures to be realised, strand sections are also heated indirectly by enveloping them in an insulated steel box (Figure 1 ). The box acts as a heat susceptor and also reduces convective heat loss. The strand is heated to approximately 60°C and then left to cool. The wavelength response of the strain sensor is compared to an in-situ temperature FBG (pre-calibrated) and a J-type thermocouple (±1°C accuracy), placed in thermal contact with the strand using a thermally conductive gel.
Passive heating method -Fluctuations in room temperature can also be monitored over several days along with FBG wavelength shifts to accomplish a passive temperature calibration technique. The change in room temperature is relatively slow so there is less likelihood of variations in temperature between the sensors and the thermocouple. In this work, the natural range of temperature variation was, at most, 7 ˚C each day.
RESULTS
Pre calibrated temperature sensor results
The rapid and non-uniform temperature increases during induction heating led to temperature instabilities and variations between the sensors and the strand. As such, only cooling of the strand, exhibiting much slower temperature variation, was used to characterise temperature coefficients. In each case, it took approximately 3.5 hours for strand sections to decay from 60°C to room temperature. Figure 2 shows the wavelength response of the pre-calibrated temperature sensor compared to temperature measured by the thermocouple during cooling from induction heating. The temperature coefficient matches the previous calibration (15.9pm/°C) within the error estimate. The thermocouple data plotted shows a relatively high noise level; comparing the variance between the thermocouple and the FBG data, x vs y, indicates that a more accurate temperature reference will reduce the error and increase the accuracy of the calibration substantially. The results from room temperature fluctuations can be seen in Figure 3 . The FBG temperature sensor is able to repeat the thermocouple trend with additional features seen due to the high resolution of the sensor. A calibration coefficient of 15.3pm/°C was obtained from these measurements; this is comparable to the coefficient obtained from induction heating. These results show the temperature characterization method proposed is a viable solution to this practical problem.
Strain sensor calibration results
Finally, the procedure was repeated for a strain FBG sensor, yielding values of 18.1±1.8pm/°C and 17.1±1.0pm/°C (induction heating and room temperature variation respectively) for its temperature coefficients. This is larger than the temperature FBG sensor due to the thermal expansion of steel that is also present in its temperature dependence. Temperature variations while measuring strain can now be compensated for, allowing the mechanical strain of the steel strands to be determined. 
CONCLUSION
We have outlined a practical solution for calibrating in-situ strain sensors, mounted on steel strands for prestress monitoring. Tests with a pre-calibrated temperature fibre Bragg grating sensor show that active method of induction heating is capable of calibrating temperature sensors to within 1.5 pm/˚C error. This error may be reduced by using more accurate temperature references. Future work will concentrate on testing pre-calibrated strain FBG sensors to further validate this temperature calibration technique.
